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1 INTRODUCTION 
Materials usually employed in the construction of 
large marine propellers are nickel-aluminium bronze 
(NAB) and manganese-nickel-aluminium bronze al-
loys. These material present high corrosion re-
sistance, high-yield strength, reliability and cost 
convenience. Nevertheless, alloys used for the con-
struction are subject to corrosion, cavitation damage 
and fatigue induced-cracking. Their poor damping 
properties induce relatively high structural vibration 
with consequent noise (Young, 2008). Moreover, the 
weight of bronze alloy propellers can considerably 
influence the ship displacement. The high concen-
trated load at the end of the shaft line can increase 
the wear of gearbox and shaft bearings.  
The increasing use of composite materials in 
many different structural applications has promoted 
an increasing interest in employing them as an alter-
native for propeller construction. Composite propel-
lers have potential advantages compared to their 
metal counterparts. Reduced corrosion and cavita-
tion damage, improved fatigue performance, im-
proved vibration damping properties with subse-
quent lower noise are some of the potential benefits 
of composite propellers. Moreover, their low mag-
netic, acoustic and electric signatures are of high in-
terest to the naval sector. 
Composite blades can be designed with the fibres 
aligned to support the major loading experienced in 
operating condition and achieve maximum perfor-
mance in terms of mechanical properties and weight 
optimisation. However, the stiffness of composite 
blades for a given geometry is still lower than that of 
metal blades. As a consequence, hydroelastic effects 
may be of greater importance. The lower stiffness of 
composites causes greater blade deflections. If not 
considered properly, this is likely to result in inferior 
hydrodynamic performance of composite blades. 
However, it gives the designer the possibility of ex-
ploiting the potential advantages of hydroelasticity.  
As load is taken up by the propeller, blade deflec-
tion occurs in both the radial and chordal directions. 
Fundamentally this results in a variation of the blade 
pitch angle. The propeller pitch is defined to have 
maximum efficiency at specific design conditions; 
consequently, if the same blade geometry as for a 
metal propeller is used, then this variation results in 
a reduction of the propeller efficiency. However, the 
blade can be designed to account for the reduction of 
pitch when the hydrodynamic load increases on the 
blade. Precisely, the blade pitch in unloaded condi-
tion should be higher in order to account for the re-
duction of pitch under loaded condition, due to the 
effect of hydroelasticity. As a result, the efficiency of 
a composite propeller should equal that of a metal 
propeller at the design condition and could give 
higher performance at off-design conditions.  
The rate of change of pitch with the propeller 
loading condition is strictly related to the elasticity 
of the blade, which depends on the mechanical prop-
erties of the composite. Different stacking sequences 
and laminate lay-ups will provide the blade with dif-
ferent deflection properties in each of the radial and 
chordal directions. Understanding the effect of these 
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parameters on the blade deflection patterns becomes 
therefore fundamental in order to improve the hy-
drodynamic performance of composite propellers.  
2 BACKGROUND  
2.1 Advantages of Composite Propellers 
As reported by Young (2008), the use of composite 
materials can lead to substantial weight savings be-
tween 50 and 80%, since they are characterised by 
high strength-weight and stiffness-weight ratios. Re-
duced corrosion, cavitation damage and improved 
fatigue performance are other potential benefits of 
composite propellers that reduce their lifetime 
maintenance cost. The material damping properties 
guarantee good acoustic and structural performance 
in terms of noise attenuation and blade vibration re-
duction. The use of lighter composite materials al-
lows the blades to be thicker without significantly 
adding to the weight of the propeller, and more flex-
ible, so that the hydrodynamic performance can be 
enhanced by increasing the cavitation inception 
speed.  
The better cavitation performance is also high-
lighted by Selvaraju and Ilaiyavel (2011). They show 
that theoretical models predict a cavitation inception 
speed for composite propeller 30% higher compared 
to that of an original NAB propeller. 
Fibre-reinforced composites can be tailored to 
specific requirements of certain applications (Al-
meida and Awruch 2009) by exploiting their aniso-
tropic properties. By considering different fibre ori-
entations and stacking sequences of the laminate, the 
propeller mechanical properties and its performance 
can be significantly influenced.  
2.2 Hydroelasticity of Composite Propellers 
Composite marine propellers are subject to two 
mechanisms that deeply influence their performance: 
bending-twisting coupling effects of anisotropic 
composites and load-dependent self-adaptation be-
haviour of composites blades (Ahmed and Wei, 
2012). Importance of these effects is explained by 
Lin et al (Lin et al., 2009): the propulsion efficiency 
increases when the inflow angle is close to the pitch 
angle. Since the inflow angle is proportional to the 
ship speed, “if the pitch angle can be reduced when 
inflow angle is low, then the efficiency of the propel-
ler can be improved” (Lin et al., 2009). The bend-
twist coupling effect generated by the water pressure 
over the propeller blades changes the pitch of the 
propeller and, hence, its performance.  
Studies performed by Motley et al. (2009) demon-
strated that the bending-twisting coupling effects and 
the load-dependent self-adaptation behaviour of 
blades that composite propellers are subject to, are 
the primary sources for performance improvement. 
They evaluated systematically designed self-twisting 
composite propellers under both steady and unsteady 
operating conditions. Fluid structure interaction ef-
fects were identified and analysed and it was shown 
that self-twisting propellers lead to significant im-
provement in energy efficiency. 
2.3 Analysis of Composite Propellers 
Lin et al. (2005) evaluated the strength of a compo-
site propeller by performing a nonlinear hydro-
elastic analysis. Further studies were performed by 
Young (2008) and (Liu and Young, 2009) using a 
boundary element method coupled with a finite ele-
ment software. The studies confirmed that the stack-
ing sequence and the material composition strongly 
affect the stress distribution and the deflection pat-
terns. Moreover, the propeller can be designed to de-
pitch near the tip. Other studies agreed that the tip 
deflection helps to delay cavitation inception due to 
reduced tip loading (Gowing et al., 1998) and results 
presented in Chen et al (2006) confirmed that a 
properly designed flexible propeller can have a high-
er efficiency under off-design conditions and that 
cavitation inception can be delayed significantly. 
A major extension to Young’s research was com-
pleted by Lin et al (2009), who demonstrated, 
through experimental results, the changeable pitch 
effect in composite propellers. Results showed that, 
for small values of the advance coefficient, a non-
optimised propeller efficiency decreases, due to the 
increasing pitch angle. For an optimised propeller 
the pitch automatically changes with the inflow an-
gle, reducing torque and increasing efficiency.  
Another aspect of flexible propeller optimisation 
was addressed by Blasques et al (2010) through the 
development of a hydro-elastic model to control the 
deformed shape of the propeller and consequently 
the thrust developed and the torque force. Further re-
search projects investigated the influence of other 
parameters on composite marine propeller perfor-
mance. Ghassemi et al. (2011) studied the influence 
of the skew angle on the hydro-elastic behaviour of 
composite propellers. The influence of the advance 
velocity, rotational speed and stacking sequence on 
the performance of composite marine propellers was 
investigated by Raj and Reddy (2011).  
3 STRUCTURAL ANALYSIS 
The structural analysis on a nickel-aluminium 
bronze (NAB) base case and a series of carbon fibre-
reinforced plastic (CFRP) blades are presented. The 
blade geometry of a controllable pitch propeller of 
3000mm diameter is chosen to create the finite ele-
ment model. The pressure distribution acting on the 
propeller blades is computed for three different val-
ues of the advance coefficient. The pressure data, 
which are obtained in propeller coordinates, are 
post-processed in order to define the pressure field in 
Cartesian coordinates. The composite blade is mod-
elled in carbon/epoxy with a metal stud. In order to 
assess the influence of the laminate lay-up on the 
blade structural response, four balanced stacking se-
quences are considered. The mechanical properties 
of the laminates are computed on the basis of the 
classical laminate plate theory. The effect of the stud 
geometry on the blade deflection under applied ex-
ternal loads is investigated by considering three 
studs with different geometries.  
3.1 Propeller Geometry 
The chosen propeller in this study was originally de-
veloped by SVA Potsdam GmbH as a benchmark 
propeller for the Second International Symposium on 
Marine Propulsors 2011 (smp’11). The propeller ge-
ometry and test results are presented under the name 
PPTC (Potsdam Propeller Test Case).1 
The propeller is a five blade controllable-pitch 
propeller named SVA-VP1304. In order to perform 
the structural analysis, the model propeller was 
scaled with a scale ratio =12. This resulted in a real 
scale propeller diameter of 3000mm for a model 
scale diameter of 250mm. The main data of the pro-
peller VP1304 are given in Table 1. 
 
Table 1.  Propeller data  
 
 
 
Figure 1. Model propeller geometry (left). Details of the blade-
hub attachment for the controllable pitch (top-right) and the 
fixed pitch (bottom-right) layouts. 
 
Since the propeller model is a controllable pitch 
propeller, the blade design near the hub is affected 
                                                 
1 available at www.sva-potsdam.de 
by the rotation mechanism. This results in a 0.3mm 
gap between hub and propeller blade near the lead-
ing and trailing edge of the blade. However, for the 
purpose of this study, the propeller was considered 
to have a fixed blade-hub attachment. Hence, the gap 
between hub and blade was replaced by closed hub 
fillets, as shown in Figure 1. 
3.2 Pressure Distribution 
The pressure distribution was computed for three 
different values of the advance coefficient J = 0.8, 
1.1 and 1.4. These are representative of the propeller 
operational range, varying from the high loaded to 
the maximum efficiency condition. The pressure dis-
tribution over the pressure side and suction side of 
the propeller was calculated using the software UP-
CA91, developed by Newcastle University. The val-
ues of the advance coefficient were obtained by 
varying the propeller rotational speed for a fixed ad-
vance speed of 7 m/s. This resulted in rotational 
speeds of 2.92, 2.12 and 1.67 rps.  
From UPCA91 the pressure distribution was given 
in terms of pressure coefficient, cp, in propeller co-
ordinates r/R and x/X. However, this coordinate sys-
tem was not compatible with the coordinate systems 
recognised by finite element software. It was there-
fore necessary to translate the results into Cartesian 
coordinates. This was done by linearly interpolating 
the pressure values over the propeller disc plane, 
hence considering only the Y and Z coordinates, as 
shown in Figure 2. Pressure values are computed by 
UPCA91 at each black point, which is defined in 
propeller coordinates as function of radial section 
and the distance of the chord station from the leading 
edge. Red points represent the pressure distribution 
in Cartesian coordinates.  
 
 
Figure 2. Propeller disc plane (YZ-plane) used for interpolation 
of the pressure values from propeller to Cartesian coordinates. 
 
3.3 Composite Layup 
CFRP blades are made of carbon/epoxy and other re-
inforcement materials, which are employed with dif-
ferent purposes other than the structural reinforce-
ment one. In particular, E-glass protection layers, 
because of their small thickness and the inferior me-
chanical properties, do not really contribute to the 
structural stiffness and strength of the blade. There-
fore, from the structural point of view, the blade can 
be considered to be made entirely of carbon fi-
bre/epoxy with a metal stud.  The mechanical prop-
erties of the laminae are shown in Table 2. 
 
Table 2.  Mechanical properties of reinforcement 
 
Property Symbol T300/976 UD tape 
Tensile Modulus Ex 
Ey , Ez 
135GPa 
9.26GPa 
Shear Modulus Gxy , Gxz 
Gyz 
6.15GPa 
3.07GPa 
Poisson’s Ratio xy , xz 
yz 
0.32 
0.51 
Ult Tensile Strength y , z 
x 
39MPa 
1455MPa 
Ult Compressive 
Strength 
y , z 
x 
207MPa 
1296MPa 
Ult Shear Strength xy 77MPa 
Density  1580kg/m3 
Thickness T 0.14mm 
 
Four different lay-ups were considered in the 
structural analysis, with properties varying from 
highly anisotropic to quasi-isotropic, as shown in 
Table 3. All the laminates are symmetric about the 
mid-plane. Symmetric laminates do not possess cou-
pling between in-plane and flexural behaviour and 
their use is common practice in many applications.  
 
Table 3.  Laminate lay-ups for structural analysis 
 
Laminate Layup 
Unidirectional [0] 
Cross-ply [0/90]s 
Angle-ply [0/+45/-45]s 
Quasi-isotropic [0/90/+45/-45]s 
3.4 Stud Geometry 
Composite blades can be keyed and fastened to the 
hub through a metal stud. When this method is used, 
the blade becomes actually composed by two materi-
als with different mechanical properties: metal and 
fibre reinforced composite laminate. Since these ma-
terials are glued and fastened together, the blade 
structural response under applied external loads is 
different from that of the composite blade only.  
When the blade is subject to external loads, the 
structural response of stud and composite is differ-
ent; since they are structurally joined together, shear 
stress arises at their interface. Moreover, the blade 
stiffness is greater in the region reinforced by the 
stud. If the change in the mechanical response is ab-
rupt, stress concentrations occur, especially at the 
stud tip when the blade is subject to bending stress. 
Hence, due to the difference in the material stiff-
ness, the design of the stud geometry becomes criti-
cal. Different stud shapes can be adopted in order to 
varying the blade stiffness gradually, hence keeping 
shear stress low and avoiding stress concentrations.  
In order to assess the stud contribution to the 
structural response of the composite blade, three dif-
ferent studs were designed, as shown in Figure 3. 
STUD ONE: airfoil-section geometry obtained 
by scaling each blade section with a scale factor 
λ=0.4. Each stud section is then offset from the blade 
trailing edge by 20% of the correspondent blade sec-
tion length. The stud sections are adjusted to be ta-
pered at the tip and to fit inside the composite blade 
with a minimum laminate thickness of 25mm at each 
side (face and back) of the blade. 
STUD TWO: airfoil-section geometry obtained 
by scaling each blade section with a scale factor 
λ=0.4. Each stud section is then offset to lie across 
the vertical axis on the propeller disc plane. The stud 
sections are adjusted to be tapered at the tip and to 
fit inside the composite blade with a minimum lami-
nate thickness of 25mm at each side (face and back) 
of the blade. 
STUD THREE: tapered bar designed to be re-
movable also after the composite blade is manufac-
tured. The stud has protruding edges to ease the ex-
traction from the composite shell. Dimensions are 
determined so that the stud fits inside the composite 
blade with a minimum laminate thickness of 25mm 
at each side (face and back) of the blade. 
 
 
Figure 3. Propeller stud 1 (left), 2 (middle) and 3 (right) 
3.5 Finite Element Analysis 
3.5.1 Element Type and Mesh 
The structural analysis was performed using the fi-
nite element package ANSYS 13.0. The finite ele-
ment model consisted of one blade of the propeller, 
positioned with zero angle of rotation from upward. 
Based on consideration of the design loads and 
the materials employed, structural deformations and 
stresses on the blade were expected to be small, 
hence the blade structural response to be elastic. All 
the finite element analyses were therefore performed 
as linear, assuming elastic material behaviour. 
The blade geometry was meshed entirely with 
three dimensional 8-node solid elements SOLID185. 
This element type is suitable for 3-D modelling of 
solid structures. It is defined by eight nodes having 
three degrees of freedom at each node: translations 
in the nodal x, y, and z directions. 
The blade model was free meshed with tetrahe-
dral elements. A mesh adaptation study, using H-
refinement type, was performed for both the NAB 
and composite blade. Displacement convergence 
was found with element size of 18mm for both 
blades, with additional refinement at the laminate-
stud interface for the composite blade. 
3.5.2 Material Properties 
The composite laminate was modelled as homoge-
neous material with orthotropic properties. The me-
chanical properties of each laminate, which depend 
on the laminate lay-up, were calculated using classi-
cal laminate plate theory. Table 4 shows the mechan-
ical properties of carbon/epoxy laminate for different 
laminate lay-ups. 
 
Table 4.  Mechanical properties of carbon/epoxy unidirectional 
reinforcement 
 
 
Orthotropic properties are oriented so as to repre-
sent the actual laminate properties and plies orienta-
tion. Orthotropic material directions are defined in 
ANSYS by the element coordinate system, whose 
default orientation is along the global directions. A 
new local coordinate system was defined and orient-
ed as shown in Figure 4.  
 
Figure 4. Coordinate system 
3.5.3 Boundary Conditions 
NAB blades, either in mono-block or built-up form, 
are cast together with the hub or the blade foot. At 
the blade root any material discontinuity really oc-
curs. However, the finite element model includes 
one blade only, which has to be constrained at the 
blade root. A NAB blade is subject to small defor-
mations due to the high material stiffness and it can 
be considered fully clamped at the blade-hub inter-
face. Hence, translations were constrained in the x, y 
and z directions. 
The composite blade is fastened to the metal stud 
and bonded to the hub at the blade root. Since the 
stud is usually forged together with the blade foot, or 
fastened to the hub, it is reasonable to assume that it 
is rigidly held at its base. However the bonding lay-
er, which is more elastic, is not completely exempted 
from deformations. The finite element model was 
constrained at the blade-hub interface, with zero 
translation imposed in the x, y and z direction. How-
ever, it must be noticed that stress concentrations 
may arise at the blade root due to boundary effects. 
3.5.4 Loads 
A propeller in operation conditions is subject to var-
ious loads acting in different directions. Traditional 
submerged propellers are mostly subject to weight 
force, centripetal force and the dynamic pressure that 
gives rise to thrust and drag (torque). Depending on 
the propeller size and rotational speed, the weight 
force and the centripetal force may be significant and 
are to be taken into account when assessing the 
structural performance of the propeller at its design 
stage. However, when only the blade deflection is 
concerned, the effect of weight force and centripetal 
force is, to a certain extent, negligible.  
Therefore the dynamic pressure was the only load 
applied to the blade model. The pressure values, as 
computed by UPCA91 and transformed into Carte-
sian coordinates, were imported into ANSYS. The 
software automatically applied the pressure to the fi-
nite element model as surface load acting orthogo-
nally to the blade surfaces.  
4 RESULTS 
The influence of the different studs, laminates and 
advance coefficients on the blade deflection are pre-
sented. The blade deflection is discussed in terms of 
z-direction displacement in the local coordinate sys-
tem, which is shown in Figure 4.  
4.1 Deformed Shape 
Although all propellers are subject to hydroelastic 
effects, the structural response of traditional metal 
propellers is such that these effects are, in most of 
cases, negligible. As it can be seen from Figure 5 
(left), the deformed shape of the metal blade when 
heavily loaded (J=0.8), is similar to its non-
deformed one. The blade is mostly subject to bend-
ing, whilst no twisting around its radial axis occurs. 
The displacement contour plot highlights how the 
blade deflection varies radially. By looking at the 
distance of the deformed blade from its non-
deformed shape at the leading and trailing edge it 
can be seen that the pitch remains almost constant. 
The deformed shape of the composite blade (Fig-
ure 5, right) shows how the bending-twisting cou-
pling is much more evident when anisotropic mate-
rials are employed. As the load is taken up by the 
propeller, blade deflection occurs in both the radial 
and the chordal directions. As a consequence, the 
blade pitch reduces gradually whilst bending in the 
radial direction increases. Bending and twisting of 
the blade change with relation to the laminate lay-up, 
propeller loading condition and stud geometry. The 
effect of these parameters is further discussed in the 
following sections. 
 
 
Figure 5. Deformed shape of NAB blade (left) and composite 
blade (STUD 3, Unidirectional [0]) (right). J=0.8. Displace-
ment scale factor = 30. 
4.2 Laminate Lay-up 
The blade deflection is primarily influenced by the 
laminate lay-up. Figure 6, which shows the dis-
placement contour plot of the composite blade with 
different stacking sequences, gives a first insight of 
the difference in stiffness between lay-ups with dif-
ferent levels of anisotropy. 
 
 
Figure 6. Blade deflection in z-direction (local coordinate sys-
tem). STUD 1; J=0.8 
 
A better understanding of the effect of the lami-
nate lay-up on the blade structural response can be 
gained by looking at Figure 7. The NAB blade pre-
sents a quite uniform deflection in the chordal direc-
tion, with a slightly more cambered shape at 
r/R=0.7; while the response of the composite blade 
is considerably different, depending on the laminate 
lay-up.  
 
 
Figure 7. Blade deflection along the blade section chord at 
r/R=0.96 and r/R=0.7. STUD 1; J=0.8 
 
Near the blade tip (r/R=0.96), the unidirectional 
lay-up provides high stiffness in the central part of 
the blade, where fibres run from the blade root to the 
tip. However, it becomes ineffective near the trailing 
edge, where the deflection increases considerably. 
This is likely to be a consequence of the blade skew 
and it can be expected that the effect becomes more 
pronounced with highly skewed blade geometries. 
At the blade radius r/R=0.7, the displacement pattern 
is different and the deflection becomes significant at 
the leading edge too. The deformed blade assumes 
the shape of a cambered section with opposite curva-
ture, since both the leading and the trailing edges are 
more displaced than the central part. This can be 
deeply detrimental to the hydrodynamic performance 
of the blade, with significant changes in the lift and 
drag characteristics. 
A more uniform deflection pattern can be 
achieved by using the [02/90]s cross-ply and the 
[0/45/-45]s angle-ply laminates. Near the tip 
(r/R=0.96), the deformed shape of the blade is quite 
similar, with the deflection increasing gradually 
from the leading to the trailing edge. Contrarily, at 
r/R=0.7 these two lay-ups give a different response. 
The [0/45/-45]s lay-up provides the blade with sig-
nificantly greater stiffness at the leading edge. The 
cross-ply laminate, which has more 0-angle plies, 
has lower deflection near the central part of the 
blade. 
The quasi-isotropic [0/90/45/-45]s laminate pre-
sents a more uniform deflection pattern, with bend-
ing in the radial direction being more pronounced 
than for the other lay-ups. 
Both the [0/90/45/-45]s and [02/90]s laminates 
show the lowest displacement at r/R=0.96 in corre-
spondence of the trailing edge. This is likely to be 
due to the 90-degrees oriented plies that provide the 
blade with high stiffness in the transverse direction. 
This ply orientation is the most effective when 
transversal stiffness is to be given to the tip region of 
skewed blade geometries. 
4.3 Stud Geometry 
The effect of the stud geometry on the blade twisting 
decreases with the distance from the blade root to 
such an extent that it is negligible at r/R=0.96. At ra-
dial sections closer to the root, the presence of the 
metal stud increases gradually the blade stiffness. 
Figure 8 compares the blade displacements at the ra-
dial section r/R=0.7 and in heavy load condition 
(J=0.8) for the different stud geometries considered. 
 
 
Figure 8. Blade deflection for different lay-ups and studs at 
r/R=0.7; J=0.8.  
 
The STUD 3 (removable stud) is considered as 
reference case, since the small stud size is not sup-
posed to influence the blade response. With respect 
to this, STUD 1 (fore position) provides more stiff-
ness near the leading edge, with the unidirectional 
lay-up being the most influenced. Moving from the 
leading towards the trailing edge, smallest displace-
ments are found for the STUD 2 (central position). 
Although, at r/R=0.7 the contribution of the central 
stud to the blade stiffness is only slightly visible, its 
effect is expected to increase near to the blade root. 
4.4 Advance Coefficient 
The loading condition of the propeller does not real-
ly influence the deflection pattern of the NAB blade. 
As it can be seen from Figure 9, the blade displace-
ments through the chord section are consistent for 
different values of the advance coefficient J. The 
blade twisting remains almost unchanged, whilst 
bending increases progressively as the propeller be-
comes heavily loaded. 
 
 
Figure 9. Blade deflection for different advance coefficients at 
r/R=0.7. J varies. STUD 3. 
 
The effect of the advance coefficient on the com-
posite blade is much more evident. In light loading 
condition (J=1.4), the blade deflection is generally 
low for all laminate lay-ups. As soon as the load is 
taken up by the propeller, the blade deflection in the 
chordal direction becomes strongly influenced by the 
level of anisotropy of the laminate. The displace-
ment at the leading edge of the unidirectional and the 
[02/90]s laminates increases deeply and the deflec-
tion pattern along the chord section becomes highly 
sinusoidal. A possible explanation is that in light 
loading condition the transverse stiffness, which is 
given by the polymer matrix and the plies oriented 
transversally, is enough to keep the displacements 
small. But when the propeller is heavily loaded, the 
laminate proves to be excessively elastic in the 
transverse direction and the deflection pattern 
changes considerably. 
The variation of twisting and bending from light 
to heavy loading condition is more uniform with the 
[0/45/-45]s and the [0/90/45/-45]s laminates. This 
can be seen in Figure 10, where the blade deflection 
at r/R=0.7 is plotted for different advance coefficient 
values. The black line highlights the coupling that 
occurs when the propeller passes from light load to 
heavy load condition. At each loading condition, the 
displacement increases gradually through the chord 
section from the leading to the trailing edge. This re-
sults not only in bending in the radial direction, but 
also in a quite uniform twisting that can be thought 
in terms of variation of the sectional pitch angle. 
The use of 45 degrees oriented plies proves to be 
very effective when stiffness in all directions is of 
concern. The response is generally uniform, without 
abrupt changes of deflection throughout the propel-
ler operational range. Moreover, the bending-
twisting coupling that results from the elastic proper-
ties of blades made by angle-plies laminates pro-
vides space for improvement. The deflection patterns 
experienced by these blades show that the hydroelas-
ticity of composites could be successfully exploited 
to vary the blade pitch. 
5 CONCLUSIONS 
The deflection results of the CFRP blade confirm the 
greater deflection experienced by composite blades 
and how the bending-twisting coupling is much 
more evident when anisotropic materials are em-
ployed. Unlike NAB blades, deflection of composite 
blades occurs in both the radial and the chordal di-
rections. The deflection pattern is strongly influ-
enced by the laminate and propeller loading. 
The results of the analysis suggest that the ability 
to exploit the bending-twisting coupling of compo-
site blades to dynamically vary the pitch angle is fea-
sible. However, achieving successful results in terms 
of hydrodynamic performance requires the structural 
design of the propeller to account for the laminate 
lay-up and the whole propeller operational range. 
In order to assess the deformed blade from a hydro-
dynamic point of view, a fluid analysis is necessary. 
However, on the basis of airfoil theory, it can be pre-
sumed that an effective change of pitch occurs if the 
whole blade section rotates uniformly, as for a con-
trollable pitch propeller, or if the blade tends to de-
pitch near the tip at the trailing edge. Under these 
conditions, the lift/drag characteristic changes with 
possible improvements in the efficiency.  
 
 
Figure 10. Blade deflection for different lay-ups at r/R=0.7. J 
varies. STUD 3. 
 
Highly anisotropic laminates are critical due to 
the excessive elasticity in the transverse direction. 
When the propeller is heavily loaded, both the lead-
ing and the trailing edges deflect more than the cen-
tral part of the blade. The cambered shape assumed 
by the blade section may affect the hydrodynamic 
performance, with significant changes in the lift and 
drag characteristics. The use of quasi-isotropic lami-
nates is not effective either, resulting in high bending 
in the radial direction. 
A suitable starting point for the design of compo-
site blade was found with the angle-ply [0/45/-45]s 
laminate, which proves to be very effective when 
stiffness in all directions is of concern. The blade re-
sponse is generally uniform, without any abrupt 
change in deflection throughout the propeller opera-
tional range. The blade sections experience a clear 
rotation with the varying of the loading conditions. 
An approximate centre of rotation was found to be 
upstream of the leading edge. 
Depending on the deflection pattern, additional 
unidirectional plies may be added in the radial direc-
tion to increase the stiffness of the central part of the 
blade, hence obtaining a uniform rotation of the 
blade sections. 90-degree oriented plies, which pro-
vide the blade with high stiffness in the transverse 
direction, were found to be the most effective when 
transversal stiffness is to be given to the tip region of 
skewed blade geometries. 
The high deflection implies that structural anal-
yses on composite propellers must be fully hydroe-
lastic to determine the real blade deformations and 
stresses. Hence, the finite element analysis is to be 
coupled with a hydrodynamic analysis. 
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